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A Multi-Element Wltrasonic Ranging Array

One of the first issues for concern in the evolution of =a
mobile robot design is the need to provide the system with
sufficient envirocnmental awareness o as to make possible
intelligent movement. The first step towards this end consists of
the acquisition of appropriate information regarding ranges and
hearings to nearby objects, and the subsequent interpretation of
t%at data. SBeveral methods for approaching this problem have been
propesed and investigated by numerocus researchers, and can be

broken down into two broad categories: passive devices, such as

sterecszcopic wvision and swept—focus ranging systemsz, and active

in
et

devices, =uch & aser and ultrasonic rangefinding systems. This

i}

article describe

i

. the most widely used ultraszonic ranging system

¥

employved today for this particular application, discusses some of
the problems aﬁsmcfated with its use, and then presents  one
mathod for overcoming some of these problems through the use of
multiple transducers arranged in a sequentially fired array
(Figqure 1Y, with tempersture compensation.

The ranging modules employved on RABART 11 ("f  Second
Generation Autonomous Sentry Reobot', ROBOTICE AGE, xoonooooos BI)
were made by Texas Instruments (Figure 2) for use with the
Folarcid electreosztatic ultracsonic transducer, and were cselected
due to their low cost, high reliability, and ease of interface.
An alternative system made by Massa Froductes Corporation  (Model
E-200) wazs evaluated but not selected because the unit cost {(over

£140) made this choice impractical for a multi-element array



Figqure 1. Front view photo of prototype sentry robot ROEART II,
ehowing location of sensors in five element sequential array. The
single head-mounted sensor shown was later replaced by two
censors as depicted in Figure =. (Photo courtesy of Naval Surface

Weapons Center, White Oak, MD.)



el {UHF&HEE}; l

> 3 O
}:5\! (YELLOW) o - s
\ =

MFLOG (GREEN)

-

XLOG (BLUE) \ N
-

VS (RED) \j? D._ N - EII: 5

< GROUND (BROWN)

* — 1 g G

&)

Figure 2. Line drawing of the Texas Instrumente Ultrasonic
Ranging Module made Ffor use with the Feolarwoid electrostatic
transducer. Sewven such beoarde are interfaced through a specially

dezigned multiplexer to a single parallel port on the controlling
microprocessor.



reguiring several modules. By comparison, Folaroid Corporation
offers both the transducer and ranging module circuit board for
ornly $35 a set when purchased in quantities of ten. An improved
version of the circuit beoard, the SHN2ZE227, is now availeable from
Texas Instiruments which greatly reduces the parts count and power
consumption, as well as simplifying computer interface
requirements ("An Ultrasonic Ranging System'"., BYTE., October 84).

The Folarcid ranging module is an active time-of-flight
device developed for automatic camera focusing., and determines
the range to target by measuring elapsed time between the
transmicsion of & "chirp" of pulses and the detected echo. The
"chirp" is of one millisecond duration and censists of  four
discrete frequencies transmitted back-to-back: 8 cycles at &OkHz,
8 cycles at SokH=, 14 cvecles at S2.5kHz, and 2 cycles at
49,41 kH:z. Thie technique is empleoved to increase the probabiiity
of signal reflection From the tearget., =ince certain suwiace
characteristics caul& in fact cancel a single-~freqgquency waveform,
preventing detection. It should be recognized, however., that the
one millisecond lenéth of the "chirp" is a significant source of
potential  error, in that scund travels roughly 1100 feet per
second at sea level, which equates to sabout 13 inches per
millisecond. The uncertainty and hence error arises from the fact
that it is not known which of the fouwr frequencies making up the
"chirp" actuslly returned te trigger the receiver, but timing the
echo always begins at the start of the "chirp.®

A second very important characteristic of the Folarond

system is the use of & stepped gain control in the receiver

sections: where both the gain and the & of the amplifier are



increased as a function of time following “chirp". transmissian.
This ensures a high signal-to-neoise ratio while matching the
relative amplification level to the strength of the returned
echo, which decays rapidly as a function of distance {and hence
times. This becomes an important facteor in the design of an array
of sequential emitters, where residual or multiple echos could
easily confuse the next element in the array. A faint residual
echo generated by a previous "chirp" of another sencsor vould be
ié all probability too weak for detection by the now active

rangefinder since its own gain had not yet been increased to the

reqguired level.

n

Ta uwunderstand the advantages of the sequential array it i

8]
-+

necessary to have a good feel for the strengths and wealknecses

vwltraszonic ranging in general, keeping in mind that the uvltimate

in]
1D

goal i to be able to repeatedly cobtain accurate ran

infaormation ©on objects surrounding & mebile platform.  Thi

0

dictates that power consumption be kept te a minimum and that the
vatem be capable of cperating in real time, where real tima
depsnds to =ome extent on how fast the robot travels. Thesze two
constrainte make a mechanically positioned sensor less  than

dezirabhle, in that precicus time and energy are wasted while the

sen

i

or is being repositioned to take ranges in a new direction.
The ideal z=olution would be to emplay & multitude of
prepositiconed transducers that could be individually selected at
will, thus enabling the robot to get range information 1in  any
given direction at any particulear time. Since in reality there is

asznciated with each senscor some overhead in terms of physical
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space requirements, power consumption, interface circuitry, and
acquisition cost, an array size of five trancducers was choszen
for implementation on ROBART Il (Figure ). In addition, ‘two more
sensors were mounted on the robot’s head, which is pasiticonable
up to 100 degrees either side of centerline. This contfiguration
complements the fined array for rangefinding ocutside its area of
caverage.

For any ultrasonic ranging system there exists & multitude
of error sources that must be understood and taken into account.
in Figure 4 it is shown that the speed of sound in  air is
proportional  to  the sguare root of temperature in dearees
Feankine, which for the temperature variations likely to be
encountered in this applicaticon, results in a significant effect
even considering the short ranges invol ved. Temperature

variations over the span of &0 ta €0 deqrees F can produce a

4}

range error as large as 7.8 inches at a distamce of 35 {feet,
Fortunately, this Eifuation iz easily remedied through the use of
& correction factor based upon the actual reom temperature,
available to ROBART 11 with an accuracy of 0.5 degrees F from an
external sensor mounted on the left access door. This senszor
(Industrial Computer Designs, Femote Temperature Sensor RTS—1)
produces an ocutput voltage which varies from .80 to 4.80 volte
over the tempersture range of 20 to 1Z0 deqrees F, and is
interfaced to the system through an eight-bit analog—-to-digital
converter (Figuwre S). The ranaging unite are calibrated at
standard room temperature (70 degrees Fr, and then the correction
factor is applied to adjust for actual conditions. The formula is

simply: actual range equals measured range times the correction



Speed of Sound = \/ gc kR T

Where: ¢ = speed of sound (feet/second)
gc = gravitational constant
‘k = ratio of specific heats (for air = 1.4)
R = gas constant for a specific gas
T = temperature (degrees Rankine)

Substituting in appropriate values for air yields:

c =V (3231(1.4)(53.3)T =49018V T f1/sec

Which says the speed of sound in air is proportional to the square root of local
temperature, in degrees Rankine (degrees Farenheit + 460 degrees).

At 70 degrees F: ¢ = 49.018 \/ 460 + 70 = 1128 ft/sec
At 30 degrees F: ¢ = 49.018 460 + 30 = 1085 ft/sec

Distance d traveled in feet over time t seconds is given by:

d = ct which yields:
where subscripts S and A
da/ca =t =dg/cs denote ‘‘standard’’ and “‘actual’’
conditions, respectively.

Thus the formula for the actual distance measured by an ultrasonic ranging unit
calibrated at standard temperature Tg is:

da = (dg) (calcs) = ds V Ta/Ts

As an example, for a system calibrated at 80° F operating at an actual temperature
of 60° F, a measured range of 35 feet corresponds to an actual range of

460 + 60 For an
da = 35 ——————— = 34.35 feet error of
460 + 80 7.8 inches

Figqure 4. Derivation of the temperature dependence of the speed

aof sound in  air. The effecte aof humidity o©on k and R

. - . - . ’ . ar—e
considered insignificant for thie discussion.



SYSTEM ARCHITECTURE - ROBART Il

M
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CPU #1 == |NTERRUPT SOURCES
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Figure B. Control hierarchy for ROBART 1I1I. The ambient

temperature sensor is interfaced to CFU #2 via a 16 channel A/D
converter. The 7 ranging modules are interfaced to CFU #2 through
a special multiplexing circuit which allows them to be
individually activated in s=seguence upoen  command  from the
Scheduler.



factor, where the correction factor is the =sguare root of the
ratic of actual temperature to standard temperature, in degrees
Rankine. The posesibility does e=till nist, however, for
temperature aradients between the <censor and the target to
intfbduce range errors, in that the correction factor is based on
the actual temperature near the sensor only.

411 other sources of error can be attributed to properties
of the target itself, the transducer, or the timing and
p;ocessing ciréuitry and software. Freviously it was mentioned
that the one millieeceond length of the +transzmitted "chirp"
introduced an uncertainty into the timing process. In addition,
random electrical or ultrasonic néise, if not properly
discriminated by the receiver circuitry, can lead to errongous
information. FEut for the most part it can be csheown that the more
significant erraors arise from the various ways the ultrasonic

beam emitted by thé transducer interacts with the taraget, as

The width of the beam is determined by the transducer
diameter and the operating frequency. The higher the frequency of
the emitted eneray. the narrower and more directional the beam,
and hence the higher the angular resolution. Unfortunately, an
increasze in frequency also CAUSEE 4 corresponding  increase  1in
signal attenuatieon in air, and decreaces the maximum range cf the

eystem. For the Feolarcid transducers the chosen frequencies which

make up the ‘“chirp" result in a beam width of approximately
thirty degrees. Best recults are obtained when the beam
centerline is maintained normal to the target surface. Az the

10



angle of incidence varies from the perpendicular, however, note
that the range actually being measured does not always correspond
to that associated with the beam centerline, as shown in XFigure
&. The beam is reflected first from that portion of the target

that, is closest to the sensor. in fact, at a distance of 15 feet

from a flat target, with an angle of incidence of 70 degreesz, the

theoretical error could be as much as 10 inches, in that the
actual line of measurement intersects the target surface at point
Bi as opposed to peoint A. The problem is further complicated for
surfaces of irregular shape.

The width of the beam introduces an uncertainty in  the
perceived distance to an object from the sensor, but an  even
grester uncertainty in the anguler resclution of the obhject’s
position. A very narrow vertical target such as a lonqg wooden
dowel maintained perpendicular to the floor would have associated
with it a relatively large region of floor space that would
esecentially appear to the sensor to be cohetructed. dorse yet, an
ppening such as a doorway may not be discernable at all to the
robint when only six feel away, simply because at that distance
the beam is wider than the door opening. In $act, using a one
imch diameter vertical dowel as & target. the effective beam
width af the Folarcid system was found to be 3& inches at &
dicstance of only & feet from the sensor. The doorway detection
problem is illustrated in Figures 10 and 11.

another significant error occurs when the angle of incidence
of the heam decreasez below a certain critical angle, and the

reflected energy does not strike the transducer (Figure 7. This

11



TRANSDUCER MEASURED RANGE

Figqure 6. Due to beam divergence, ultrasonic ranging worke bhest
when the beam centerline is maintained normal to  the target’s
curface. For off normal conditions, the range measured does not
always correspond to that asscciated with the beam centerline.

12
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Figure 7. A= the angle of incidence decreases below & certain
critical angle, the reflected energy will not be detected by the
transducer. resulting in erronecus  range information.
specular reflection from smooth surfaces,

B iz equal teo the angle of incidence .

For
the angle of reflection
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N

occurs because most targets are specular in nature with respect
to the relatively long wavelength (roughly 174 inch) of
ultrasonic energy., as cpposed to being diffuse. In the éase of
specular reflection, the angle of reflection is equal to the
angle of incidence, whereas in diffuse reflection energy is
cscattered in variocus directions, caused by SUFféCE irregularities
equal to or larger than the wavelenth of incident radiation. The
critical angle is thus a function of the operating frequency
chosen, and topagraphical characteristice of the target. For the
cEnNsars used on RORBART Il this angle turns out to be
approvimately &% degrees for a flat target surface made up of
unfinished plywood. In Figure 8 the ranging system would neot see
the target and indicate instead maximum range., whereas in Figuwre
% the range reported would reflect the total roundtrip through
pointe A, B, and C a= opposed to just A and E.

The relatively leng range capability (approximately 5 feet:
af  the Folaroid svstem makes it well csuited for gathering range
data +$or both navigaticnal planning and colliszsien avoidance.
Mavigational planning involves making a determination of whare

the robot 1g, and in additien its particular orientation in that

t
Ra
0

+t, as well as the subsequent calculation of appropriate

N

amig

=5
iy

and= to move the robot te a new location and orientation. The
simplest caze reduces the problem to two dimensions with a priori
knowledge of the surroundings in the form of & memory map. oFv
world model. The task becomes one of trying to correlate a real-
world sensor-generated image to the model, and extracting

position and corientation accordingly. Several factore complicate

the problem.

14



the ranging system will not cee

Figure 8. For emooth surfaces,
and will erronecusly indicate

the wall ahead of the robot,
maximum range instead.

N\

A%%%%%%%%ZVAZ%%%%%%%%%%%%%M%%WV

the round trip

Figure 9. The measzured range will reflect
actual

distance through peints A, E, and C as cppocsed te  the
distance from A to B.

15



For one thing. the real environment ie three-dimensional,
and although the model represents each ohject as itse preojection
on the YX-Y plane, the sensor may see things differently, which
complicates the tashk of correlation. Secondly. the computational
resources required are large, and the process is time consuming,
requiring the robot at times to "stop and think". Also, the
acquisition of the date itselt can take several seconds using
u}trasonic ranging technigques, due to the relatively slow
velocity of scoundwaves in air. More importantly for the purposes
of this discussion, however, are the effects of the various errar
sources previously dezcribed, which can collectively impede a
snlution altogether.

Figure 10 depicts the rezults of 25& range values taken by

a zingle sensor mounted on the head of ROBART 1I. with the robot

tn
+a
iy

ituated approximately O fpet from the wall as shown., The dat
took approvimately .7 cseconds to collect a=z=  the head e
mechanically repositioned between rangings. The process could
have been epeeded up to some evtent by reducing the number of
range readings taken while the head was scanning. HNete., however,
in Figure 10 that only two positions of the head allowed the beam
to paszs through the doorway. Had the number of positions been
reduced from 254 to 106, it is possible that the doorway wowld
have escaped detection altogether.

The resulting plot is of exceptional guality primarily due
to the nature of the walls themselves, which were located in  a
hasement room with exposed studs, thereby praviding excellent

heam return properties. The proper identification of the open

16
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Figure 10. Flot of 254 range readings taken by a e€inale

mechanically positicned sensor mounted on the head of ROBART 1I1.
arn open  dporway  is detected in the wall approximately ©  feet
directly ahead of the robot. Note the excellent correlation with
the actual wall leocation. {(Flot courtesy of Aartifticial
Intelligence Labaratory, MIT.)
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doorway, and the excellent correlation with the actual map would
provide the robot with a highly accurate "fix". It should be
noted, however, that the room was fairly unclutterked, as is noti
always the case in reality. In Figure 11 the robot was

repositioned 7 feet away from the wall, and unable to detect th

opening. For situations such as thie the rcobot needs help Ffrom
other types of sensores.
Collision avoidance is a little easier to address in that
accuraciez are less important and the computational overhead
4
nowhere near as qgreat. The intent is simply to be aware of
obhetructions in time to alter course to avoid them. assuming faor

the time being that the issue of updating the world model to

n

reflect their presence is deferred until later. For thi
application the seguential array can improve performance over &

cingle senscor in several waye. As previously discussed, the array

allowse for range measurementsz to be made in many different
directione very quich}y with minimal power consumpticn. A second
advantage comes= fram the inherent ability to employ beam
splitting technigues to improve the angular resolution, already
chown to be extremely poor for a single transducer.

Beam splitting invelves the ucse of twe or more rangefinders
with partially overlapping beam patterns. Figure 1& shows how for
the csimplest caze of two transducers, twice the angular
recolution can be obtained along with a B0 percent i1ncrease in
coverage area. The technigue is evtremely simple: if the target

.

ie detected by beth sensore A and B, then it (or at least =&

portion of it) must lie in the region of overlap shown by the

chaded area. 1¥ detected by & but not B, then it lies in the

18
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FOR A SINGLE SENSOR

SENSOR A I:I

USING TWO SENSORS

SENSOR A l]

SENSOR B [I

Figure 1Z2. Beam eplitting techniques using twq sepsmrs can
im&rcve angular resolution by a factor of twa while increasing
the area of coverage by “0 percent. Further 1mprcvemen§s can be
gained by increasiné the number of sensores with aoverlapping heam
patterns.

20



region at the top of the figure, and sc on. Increasing the number
of <censors with overlapping beam patterns decreases the size of
the respective regions, and thue increases the angul ar
resclution. The sensar pattern employed in the array usad on
ROEART II allowed for an angular resolution of 2 degrees when
locating a one inch vertical dowel 9 feet Ffrom the robot, a

=ignificant improvement over the T0 degree resclution of a singl

i}

transducer.

i1t ehould be noted, however, that thiszs increase in
rezolution is limited teo the case of a discrete target in
relatively uncluttered surroundings, =uch az a metal pole
supporting an overhead load, or a bow in the middle of the {floor.
No improvement is seen for the case of an cpening smaller than an
individual beam width, such as the dooirway illustrated in Figure
11. The entire heam:from at least one sensor must pass  through

the opening without striking either =zide in order for the cpening

to be detected, and the only way to improve resolution otherwise
iz to decreasze the individual beam widths b changing transducers

or through acoustical focusing, which normally i impractical.

i

Mevertheless, the sequential ariray provides a means of cavering a
much larger area in a shorter amount of time, in most cases wiih

far better reszeolution, when employed for purposes of colli

in

ion
avoidance.

Just as the information gathered by the array can be used to
aveid an chiject in the path of the robot, it can also be used to

move towarde or even "follow" an object. As ranges are repeatedly

chtained along fixed bearings fanning out in the direction of

21



travel, it ie a fairly simple matter to track a specified target
within the field of view even while hoth the target and robot are
in mation. This technique is employed on FORART 1I when in the
sentry mode to acquire and then track an intruder detected by
any of the system’s many intrusion sensors., The robot’s mean
forwérd velocity is adjusted as a function o©of range teo the
target, and then & calculated differential in left and right
drive motor speeds is introduced as & function of how far off
cgnterline the target appears. This causes the robeot to tuwrn
towards the target being followed in a controlled fashion, until
it appears centered, all the while maintaining a specified
interval.

The ultrasonic transducers on ROBEART II are mounted from the
inzide of a 1% inch diameter cection of plastic pipe which forms
the upper body housing. In order to achieve the desired fanout
angle of 9 degrees QEtween heam centerlines for adjiacent units,
the mounting holes héa to be staggered, essentially creating two
rows, with three sensors on the bottom row and two on the top. To
increase the vertical coverage csomewhat the top row was situated
11 inches above the bottom row, which in turn is located I8
inches above the floor. additional vertical coverage oan be
gained if one of the head mounted sensors 1S positioned o©n
centerline and operated in conjunction with the array, thus
providing maximum protection in the direction of travel for the
full height of the robot.

To simplify the circuitry involved, all timing and time-to-

o
-
n
fad
pi]

nce conversions are done in software. Thi-ree caontrol lines

are involved in the interface of the Folareid ultrasonic

22
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Figure 13 EBlack diagram of the multiplexed wltrasonic ranging
=syetem. CFU #T ‘'"seesz" only one ranging unit at a tima,
sequentially activating the modules upon command from the

Srheduler. Stored ranges are transmitted up the hierarchy at the
end of the seguence. which is= then repeated.
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circuithoard to & microproCcessar. The first of these, referred to
as VEW (Figure 13) initiates operation when brought high to <5
volte. A second line labelled YLOG signals the start of pulse
transmission, while the line labelled MFLOG indicates detection
of the first echo. The contrelling microprocessor must therefore
cend V8W high, monitor the ctate of XLOG and commence timing when
tranemission begins (approximately & milliseconds later), and
then poll MFLOG until an echo is detected or sufficient time
elapses to indicate there ige no echo.

gince sound travels rather slowly in air, a lot of CFU time
will be wasted waiting for echos. and fast range update rates
will effectively tie up the microprocessor and interfere with
other tasks. Fartunately, however, =mall dedicated controllers
which can be slaved ta the macster microprocessor  are readily
available at low cast, and all-CHMOS versions feature low power
consumptions which; make them attractive alternatives to
specialized circuitry. ROBART 11 employs a &ESC0R-based MMC-0L
controller manufactured by R.J. Brachman fzcociates which is
ideal far this task, designated as CFU #7 (Figure ). Two ARE02E
Vercatile Interface Adapters provide 3Z general purpose 1/0 lines
as well as 8 handshake/contrel lines, with an 8 kilobyte onboard
addrese space. Total power consumption is less than TE milliamps.

The 7 ultrasconic ranging unite are interfaced to Cru #Z
thirough @& three—-circuit eight-channel multiplexer utilizing 40851
analog switches operating in the digital mode, as shown in Figuwe
14. Thie way the microprocessar vepes" only one ranging unit at a
time through the multiplexer, and the software merely erecutes 1in

a loop, incrementing each time the index which enables & epecific
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Figure 14. Schematic diagram for the multiplexer interface. The
4051 amalog switches are operated in the digital mode with pins &
and 7 grounded. Only one channel at a time is= enabled, determined
by the binary number on select lines A0,  Al, and AZ, set by CFU
#70.
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ranging unit. Three I/0 lines from the MMC—-02 handle this
enabling function, activating simul tanecusly the 40%1
multiplesers for VEW, XL0OG., and MFLOG. The binary numberzplaced
on these 1/0 lines by the micropreocessor determines which channel
is selected, all other channels assume a high impedance state.
Three other 1/0 lines carry the legic inputs to the
microprocessor from the multiplexers for ¥LOG and MFLOG, and from
the microprocessor to the multiplexer for vaW., A final I/70 line
o the same port is used to power down the interface circuitry
and the ranging units when net in use to save battery power. The
ranging module circuitboards, CFU #3, and the multiplexer baard
are depicted in the phote of the robot’s removable electronics
pachkage, Fiqure 105,

A second parallel port on the MHC-02 is used to receive
commands from  the Scheduler which tell CFU #7 to power up the
ranging units, and thern which sensors to sequentially activate.
Commands are in the Fform of an eight-bit binary numher
reprezented in  hexadecimal format, where the upper nibble
represents the starting ID and the lower nibhle the ending ID for

the sequence. For example, the command $1a would mean activate

n

and take ranges using sensors #1 through #& sequentially, whereas
the command %44 would cause only sensor #4 in the array to be
repeatedly activated. Each time through the loop upon completicon
of the seqguence, the ctored ranges are transmitted up the
hierarchy to the E&cheduler over an R5-232 serial link, with

appropriate  handshaking. The sequence is repeated in similar

faszhion until csuch time as the Scheduler sends a new command
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Figure 15. Fhoto showing removable electronics package. Five of

the ultrasonic ranging modules are seen at the extreme right of
the assembly. The foil side of the multiplexer circuitboard is
just visible through the plexiglass on the swingout panel, behind
which can be seen CFU #2, CFU #3, and CFU #4, mounted on the

right side of the card cage. (Fhoto courtesy of Naval Surface
Weapone Center, White Qak, MD.)
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down, or advises CFU #X to power down the ranging system with the

special command $FF.

The software is structured as shown in Figure 1&.  When
energized by the Scheduler, CFU #3 does a power—an reszet,
initializes all ports and registers, and then waits for =2
command. When a command is latched into Fort A of the &GELZE, 2
flag is set automatically that alerts the microprocessor, which
then reads the command and determines the starting and ending
identities of the range%gnders to be segquentially activated. The
interface circuitry and ranging units are then powered up. and
the Y FRegister is set to the value of the first transducer tao hbe
fired.

cubroutine FING ie then called, which enables the particular
chanrel of the multiplexer interface dictated by the contents  of
the Y FRegister. The V&M contrel line is zent high, which

initiates operation of the selected ranging module. The softwar

]

then watches the multiplexer output XLOG for indicetion of puls

M

transmission, hefore entering the timing loeop. Each pass through
the timing loop corresponds to a tenth af an inch in  range

me

i
i}

surement in that scund travels exactly 0.20 inches in  the
time required for loop execution, at the evstem calibration

temperatuwre of 70 degr

1D

es F. The contents of the loop counter

reqister FRANGE thus correspeond to the number af tenths of inches

to the target. I{ this value ever euxceeds the maximum specified
range of the system, the software will exit the loop., otherwicze
the counter is incremented until MFLOG is obzerved to go hiah.
indicating echo detection. Upon exit from the timing loop. the

range walue for that particular ranaing module iz saved 1n
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indeved storage, and Subroutine FING returns to the main program.
The Y Register is then incremented to enable the next
ranging module in the sequence, and Subroutine FING is called

again as before. This process is repeated until the Y FRegiste

=

equais the value of the ending index, signifying that all modules
in the sequence specified by the Scheduler have been activated
individually. CFU #2 then reguests permission from the Scheduler
to transmit all the stored range vealues via the S-2E2. When
aéknowladged, the ranges are sequentially dumped ocut the z=erial

interface and placed by the Scheduler in Fage lerao indesed

tarage. Upon completion, CFU #Z checks to see if a new command

)]

has heen sent down altering the ranging sequence, and then
repeate  the process using the appropriate starting and ending

indenes. Thuz the software runs continuously in a repetitive

v activating the specified ranging modules,

converting elapsed time to distance, storing the individuszsl

results, and then finally transmitting all ramge data at once to

+

he Scheduler, which ig thus freed from all asesociated overhesd.
in concluziecn, the implementation of the sequential  ranaging
array using & small dedicated microprocessar such as the MMC-0Z
aifers several advantages to a mohile robeot design. As  seen
abhove, the controlling microprocessor is unhurdoned of the lowar
level functions such as contreol line manipulation, timing., and
convercion. Several prepositioned sensors allow data to be taken
at a faszter rate, with lese power consumption, and fewer errars

scenciated with actual sensor position than the alternative

m

in

mechanically-peositioned single-sensor systems. Improvements in

29



| SONAR )

INITIALIZE

v

NEW
COMMAND?

POWER UP
CIRCUITRY

READ
COMMAND

SELECT MUX
CHANNEL Y

/
CLEAR RANGE

z

SEND VSW
HIGH

¥

SET STARTING
INDEX Y

/

SET ENDING

INDEX

\

JUMP T0
SUBROUTINE
PING

INCREMENT Y

FINISHED
SEQUENCE?

TRANSMIT
RANGES OUT
SERIAL PART

NEW

Figwe 1&.

#Z. Subroutine
modules as dictated by the contents of the Y Register.
are zent down by the Scheduler to specify the
to be activated.

COMMAND?

FING activates

30

NO

YES

INCREMENT
RANGE

A

SEND VSW
LOwW

|

STORE RANGE

Y

( RETURN )

individual

Flawchart for the system software which runs on CFU
ranaging
Commands
zeqgquence of modules



angular resoclution can  be gained through the use of beam
splitting technigues, and temperature correction can be employed
to increase range accuracy. The array thus »ploits  the
properties of ultrasonic ranging for those applications best
cserved, such as ceollision aveoidance or nbject tracking, where
ab=clute accuracies are not as important as is relative
information. For other applications, such as navigation and map
correlation in cluttered environments, where precision becomes an
iﬁpmrtant factor. complementary sensors with anpropriate
characteristice must be brought to bear for optimum resulte. The
relatively long waveiengthg poor angular resolution, temperature
denendence, and slow speed of sound in air become significant
drawbhackes, and near-indirared and laser based rangefinders should

he considered as alternative approaches.
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